We analyzed mutant alleles ofadenine phosphoribosyltransferase (APRT) deficiency in Japanese patients. Among 141 defective APRT alleles from 72 different families, 96 (68%), 30 (21%), and 10 (7%) had an ATG to ACG missense mutation at codon 136 (APRT*J allele), TGG to TGA nonsense mutation at codon 98, and duplication of a 4-bp sequence in exon 3, respectively. The disease-causing mutations of only four (3%) of all the alleles among Japanese remain to be elucidated. Thus, a diagnosis can be made for most of the Japanese APRT-deficient patients by identifying only three disease-causing mutations. All of the different alleles with the same mutation had the same haplotype, except forAPRT*Jalleles, thereby suggesting that alleles with the same mutation in different families were derived from the same ancestral gene. Evidence for a crossover or gene conversion event within the APRT gene was observed in an APRT*J mutant allele. Distribution of mutant alleles encoding APRT deficiency among the Japanese was similar to that seen in cystic fibrosis genes among Caucasians and Tay-Sachs genes among the Ashkenazi Jews. (J. Clin. Invest. 1992. 90:130-135.)
Introduction
Ethnic variation in inherited diseases is widely acknowledged, and some autosomal recessive disorders are present at rather high incidences among certain populations. The frequencies of heterozygotes of cystic fibrosis among Caucasians, and TaySachs disease among the Ashkenazi Jews, were estimated to be 3% and 2.6-3.2% (1), respectively. Hemoglobinopathies and thalassemias are also common among populations living in tropical and subtropical areas ( 1) . Other genetic diseases with ethnic variations include a I-antitrypsin and phenylalanine hydroxylase deficiencies among Caucasians and Gaucher's disease and Nieman-Pick disease among the Ashkenazi Jews ( 1).
It has become apparent that adenine phosphoribosyltransferase (APRT)) deficiency may be one such disease since the 1 . Abbreviations used in this paper: APRT, adenine phosphoribosyltransferase; ASO, allele-specific oligonucleotide; PCR, polymerase chain reaction. estimated gene frequency ( 1.2%) suggests that it is one of the most common autosomal recessive disorders among the Japanese (2) , and the majority of the patients so far described belong to this population (3, 4) . Data on -70 Japanese families with homozygous APRT deficiency have been reported (reference 4 and other papers); the number ofnon-Japanese families with this deficiency is -36 (Simmonds, H. A., personal communication).
We analyzed 141 mutant alleles in 72 separate Japanese families with APRT deficiency. Individuals homozygously deficient in this enzyme develop urolithiasis and, in severe cases, renal failure occurs (3) . Two different mutations have been identified among the Japanese; the most common mutant allele APRT*J with a missense mutation at codon 136 from ATG to ACG (5) is known to represent 70% of all the mutant alleles (4) , and in patients with 2,8-dihydroxyadenine urolithiasis with this mutant allele there is a partial enzyme deficiency, as determined by in vitro enzyme assay (type II deficiency) (3). Another mutation (nonsense mutation at codon 98 from TGG to TGA) has been identified (6, 7), but it is not clear what fraction of mutant alleles carries this mutation.
We report here evidence that 96% of the mutant alleles among the Japanese patients can be explained by three different disease-related mutations. Mutant alleles with the same mutation were probably derived from a single ancestral gene.
Methods
Patients and diagnostic methods. 39 of the 72 families reported here are the same families examined in reference 4. In 69 ofthe 72 families, the propositi had either 2,8-dihydroxyadenine urolithiasis (67 families) or crystalluria (2 families). Blood samples were sent to our laboratory for diagnostic purposes. The correct diagnosis of homozygous APRT deficiency can be made by using T cells; enzyme assay alone will not lead to a correct diagnosis (6) . The method we used for diagnosing homozygotes for APRT deficiency was as described elsewhere (6) . We found that all the 69 propositi were homozygotes (In this context, a homozygote is designated as an individual with two defective APRT alleles, and this definition includes compound heterozygotes). The remaining three families had heterozygotes but not homozygotes. These families were identified during screening for heterozygotes for APRT deficiency, using the somatic cell mutation method, as described elsewhere (7). All three heterozygotes had neither 2,8-dihydroxyadenine urolithiasis nor crystalluria.
Southern blots. DNA was prepared from either mononuclear cells from the peripheral blood from various individuals or from B cell lines, by the phenol extraction method, as described (7) . For Southern blotting, [2] [3] [4] [5] Polymerase chain reaction (PCR). All the coding regions ofhuman genomic APRT DNA, including all the exons, were amplified by two separate PCR reactions. Thus, a fragment including exons 1 and 2 was amplified by one procedure, whereas another fragment including exons 3, 4, and 5 was amplified by a separate procedure. Methods for the amplification of part of the human APRT gene, including exons 3, 4, and 5 by the PCR method by using primers PN1 3 (5'-CCGAGTC-ACTCCTGTCACTTA-3') and PN14 (5'-GGATCCAGCTGGAGA-TGTTGGGCT-3'), were as described (7) . A fragment including exons 1 and 2 was amplified by using synthetic primers, PN 1 (5'-ATCGA-TGGCGCCTAGGAGTCCA-3') and PN12 (5'-AGAGGCGGAAG-CGCCCTAGAT-3'). PNl 1 has the sequence ofbase positions -165 to -144 of human APRT gene (base "C" located one base 5' ofthe initiation codon "ATG" was counted as -1 ), whereas PN 12 anneals to the sequence ofbase positions 373 to 393 (base "A" in the initiation codon "ATG" was counted as 1 ) ofthe human genomic APRT sequence. The conditions for PCR using PN 1I and PN 12 were essentially the same as those for PCR using PN 13 and PN14 (7), except that the annealing temperature for the former was 62.50C. To sequence the amplified fragments, the resulting mixture after PCR was used for agarose-gel electrophoresis and the amplified DNA band was cut out from the gel. DNA was then purified from the agarose gel after dissolving the agarose in NaI and binding the DNA to glass, essentially as described by Vogelstein and Gillespie (8) and using a GENECLEAN II kit (BIOIOI, La Jolla, CA). Single-stranded DNA templates were generated by asymmetric amplification using 100 pmol ofone oligonucleotide primer and 1 pmol ofthe other (9 ) . Amplification was carried out for 35 cycles and sequencing was done directly by the dideoxy-chain termination method ( 10) and Sequenase sequencing kit version II (U. S. Biochemical Corp., Cleveland, OH).
Allele-specific oligonucleotide (ASO) hybridization. Genomic DNA was used for the same PCR amplification system as described above and part of the obtained mixture containing the amplified sequence was slot-blotted onto nylon membranes (Biodyne A, Pall Biosupport Corp.). Selective hybridization of biotin-labeled probes and the subsequent chemiluminescence procedures were performed essentially as described elsewhere ( 11), using different probes. The membranes were exposed to x-ray films. Sequences ofthe synthetic oligonucleotide probes used for identification ofmutant and normal sequences are shown in Table I . In all the cases, selective hybridization to both normal and mutant sequences was done in parallel experiments ( 11). Thus, the solution used for identification of the normal sequence contained biotin-labeled normal and nonlabeled mutant sequences, whereas that used for the identification of mutant sequence contained biotin-labeled mutant and nonlabeled normal sequences ( 11).
In some experiments, radiolabeled probes instead of biotin-labeled probes were used. The procedures used were described in detail elsewhere (4).
Results
Detection ofmutant alleles by Southern blots. Hidaka et al. (5) identified a Japanese individual with type I APRT deficiency in whom the APRT gene showed an unusual restriction fragment length polymorphic band after treatment with TaqI; when digested with TaqI it showed a 1.8-kb band instead of the common 2.1-or 2.8-kb band. The DNA showed unusual bands when digested with various restriction enzymes (data not shown), thereby suggesting that a gross alteration ofthe APRT gene is the cause of the deficiency. The exact alteration of the change remains to be elucidated.
Besides this allele with a gross DNA alteration, all of the other defective alleles tested showed normal Southern blot patterns when digested with either TaqI or SphI (data not shown). Thus, they exhibited either 2.1-or 2.8-kb bands when digested with TaqI (12), and either 8-or 12-kb bands when digested with SphI (13) . Therefore, the mutations in these alleles are minor and do not affect Southern blot patterns.
Identification ofa disease-related mutation by sequencing. Two mutations (APR T*Jallele: ATG to ACG missense mutation at codon 136, TGG to TGA nonsense mutation at codon 98) have already been described (5, 14, 15) ; these two mutations are frequent in APRT-deficient alleles among the Japanese. Using the PCR-ASO hybridization method (as described below), we found that 14 (10%) of the mutant alleles had neither ofthe above-mentioned point mutations. Since all ofthese alleles showed normal restriction fragment length polymorphic patterns, we expected to find minor gene changes. We attempted to determine mutation(s) in one of the homozygotes having neither ofthe known mutations by using DNA from a B cell line (WR18 1 ) from the subject. We identified a duplication of the 4-bp sequence (CCGA) normally located at base positions 1417 to 1420 ("A" in the initiation codon ATG was counted as 1 ) by sequencing of the PCR-amplified genomic DNA fragments, including all the coding sequences (Fig. 1) . This duplication in exon 3 should lead to a shift in the reading frame of the coding sequence, and codon 1 10 should become a stop codon (TGA). There were no other base changes in the exons, 3' or 5' flanking sequences, or the exon-intron junction sequences. Therefore, it is likely that this change (4-bp duplication) is the direct cause ofthe defective phenotype. Finding the same mutation in eight additional defective APRT alleles (as stated below) provided additional evidence that this mutation is the direct cause ofthe deficiency. WR 181 is considered to be homozygous for this mutation, since PCR-amplified DNA from this cell line hybridized only with the mutant allele-specific but not with the normal allele-specific oligonucleotide. A germ line mutation by a duplication leading to an APRT deficiency has heretofore not been described.
Identification of mutations by PCR-ASO hybridization methods. All three mutations listed above are located in exons 3-5. We amplified a DNA segment including exons 3-5 of the genomic APRT DNA by PCR, as described in Methods. After the amplified DNA had been slot-blotted onto membranes, hybridization was carried out with biotin-labeled ASOs in the presence of competitive sequences ( 1 1 ). This system revealed three different mutations and whether each individual is a heterozygote or a homozygote for the mutation. Fig. 2 shows the results of the biotin-labeled oligonucleotide hybridization for detection of the 4-bp duplication for samples from homozygotes, heterozygotes, or control subjects. Equivalent methods were used to detect the other two mutations (data not shown).
In some experiments, ASO hybridization was performed by using 32 P-labeled ASO probes, without competitive sequences.
When the samples from the same individuals were tested by both radioactive and nonradioactive methods, the results were always consistent. Using a combination of Southern blot analysis and PCR-ASO hybridization methods, we examined individuals who were homozygotes or heterozygotes for APRT deficiency. Among the 69 homozygous propositi, 2 carried alleles with none of the four different mutations (including gross alteration) described here. In the remaining 67, the mutations ofall the alleles were identified. 43 had a genotype of APRT*J/ APRT*J and 8 had another mutation in addition to APR T*J (genotype APRT*JIAPRT*QO). In seven of the eight propositi with the genotype of APRT*J/APRT*QO, APRT*QO alleles had a TGG to TGA change at codon 98; the remaining one had a 4-bp insertion in exon 3. The 16 homozygous propositi had a genotype of APRT*QO/APRT*QO. In I1, both APRT*QO alleles had a TGG to TGA change at codon 98 whereas 4 had a 4-bp insertion in exon 3 in both alleles. One was a compound heterozygote having a TGG to TGA change at codon 98 and gross alteration. The nylon membranes were hybridized to a biotin-labeled synthetic oligonucleotide with either a normal or a mutant sequence. The membranes were sequentially treated with reaction solutions for chemiluminescence and exposed to x-ray film. The figure indicates that mutant (Probe M) and normal (Probe N) sequences hybridized with samples with mutant and normal alleles, respectively. gotes had APRT*J alleles whereas one had a APRT*QO allele (4-bp insertion in exon 3). Our previous studies showed no clear differences in phenotypes between type I and type II APRT deficiencies ( 16) . Age at the time of diagnosis (not necessarily the same as age at onset ofsymptoms) was available for a limited number of patients: 31.4±19.5 y (mean±SD) for 37 propositi with the genotype of APRT*J/APRT*J and 24.1 ± 17.6 yr for 16 propositi with the genotype ofAPRT*QO/ APRT*QO. Seven propositi with the genotype of APRT*J/ APRT*QO were age 33.3±28.1 yr when the diagnosis was made. There was no statistical significance (Mann-Whitney U test) in differences of age at the diagnosis between three different genotypes. Other data, including the percentage of homozygotes with only crystalluria and the percentage of homozygotes with severe renal failure, showed no evidence for the difference in phenotypes or the severity of the disease between homozygous propositi with different genotypes (APRT*J/APRT*J, APRT*J/APRT*QO, and APRT*QO/ APR T*QO). Table II is a summary of the numbers and percentages of the mutant alleles found in separate families. When a homozygote in a family had two defective alleles with the same mutation, the family was counted as having two mutant alleles with this mutation. Since 3 of the 72 families had only heterozygotes, the total number ofdefective APRT alleles we examined was 141 (Since 69 X 2 + 3 = 141 ). Among the 141 defective APRT alleles from 72 different families, 96 (68%), 30 (21%), 10 (7%), and 1 (1%) had an ATG to ACG missense mutation at codon 136 (APRT*J allele), TGG to TGA nonsense mutation at codon 98, duplication of the 4-bp sequence in exon 3, and a gross DNA alteration, respectively (Table II) . The remaining four (3%) alleles are the subject of ongoing study. RFLP analysis. Three different polymorphic sites (Sph, hTaq, pTaq) have been described (4, 12, 13) near and within the APRT gene. As indicated in the physical genomic map (4), hTaq is located in intron 2 whereas Sph and pTaq are located in the 5' and 3' flanking regions, respectively, of the APRT gene. Using these three polymorphic sites, APRT alleles among the Japanese can be classified into four common and two rare haplotypes, except for the deficient allele with a major gene change (4) . We determined haplotypes of 94 APRT-deficient alleles. As shown in Table III , the most common APRT*J mutant alleles were classified into three haplotypes. About 90% (60/67) had a +-+ haplotype, whereas most ofthe remaining alleles (6/67) had a --+ haplotype. One APRT*J allele showed another haplotype, +++ (Table III) . In contrast, all of the other mutant alleles showed the same haplotype when the same mutation was present. Thus, all the defective alleles with the TGG to TGA substitution at codon 98 had a +t+ haplotype and all of those with a 4-bp duplication in exon 3 had a -++ haplotype (Table III) .
Discussion
The present investigations revealed that 96% ofthe 141 APRTdeficient alleles from 72 Japanese families were caused by only three different mutations. Among the remaining five mutant alleles, one had a gross DNA alteration; mutation(s) of the other four alleles have yet to be identified. Including the new cases reported here, the total number of homozygous APRTdeficient families described in the world literature will be -130; the present paper includes more than a half this number. These patients are from various areas ofthe Japan archipelago, hence, is unlikely that the frequency ofeach mutant allele described here will change grossly. Using the method described in this manuscript, most of the Japanese APRT-deficient patients and heterozygotes can be directly diagnosed by detection of disease-related mutations. When the distribution of mutant alleles encoding APRT deficiency among the Japanese was compared with that of other diseases in other populations, there was a similarity to that of cystic fibrosis among Caucasians and that of Tay-Sachs disease among the Ashkenazi Jews (Fig. 3) . Thus, the most common mutations represent -70% of all the mutant alleles, and the less common mutations follow ( 17, 18) . In Tay-Sachs disease and APRT deficiency, there are second and third common mutations (reference 17 and this manuscript). Common mutant alleles have also been identified in a 1-antitrypsin deficiency (19) , phenylalanine hydroxylase deficiency (20, 21) , and medium-chain acyl-CoA dehydrogenase deficiency (22, 23) among Caucasians; hemoglobinopathies and thalassemias in groups living in tropical and subtropical areas (24) (25) (26) ; and Gaucher's disease among the Ashkenazi Jews (27) , although the percentages of the most frequent alleles do differ from the above mentioned three diseases. As the three diseases with intergroup variation (cystic fibrosis, Tay-Sachs disease and APRT deficiency) have other similarities, each is one of the most common autosomal recessive genetic diseases in each population. Not only the composition of mutant alleles but also the origins seem to be similar. Our study shows that except for APR T*J alleles, those with the same mutation at the APRT gene have the same haplotype, thereby suggesting that they derive from a single mutation. Although APRT*J alleles had three different haplotypes, this can be explained by crossovers or gene conversions, as described below, and does not exclude the possibility of a single origin (4) . In the case of cystic fibrosis, the AF508 mutation was found to be always associated with the six 4-bp repeats in intron 6; hence, alleles with the same disease-related mutation probably derive from a common origin (28). These similarities suggest that there is a common factor in the mechanism of the expansion of the disease-causing genes in each population.
High mutation rates at certain loci, compensating advantages, or random genetic drift may be responsible for the high frequencies of the defective alleles of some genetic diseases (29) (30) (31) (32) (33) . A high mutation theory can be excluded because each genetic disease is common only in a single population. The close association between each mutation and closely linked polymorphic sites also argues against the high mutation theory. Either random genetic drift or compensating advantages (or both) is a likely mechanism. In cases ofcystic fibrosis and TaySachs disease, there is not sufficient evidence for an heterozygous or compensating advantage, although various possible selective advantages to the gene carriers have been suggested (30, 34) . There is no evidence for a selective advantage for APRT deficiency.
One interesting finding was the intragenic crossover or a gene conversion event. Various pieces ofevidence support that all APRT*J alleles have derived from a common ancestor (4) . About 90% of all the APR T*J alleles had a haplotype of +-+, hence, the mutation probably occurred on a chromosome with this haplotype. The presence of an APRT*J allele with a +++ haplotype can be explained by a crossover or a gene conversion event in which ajunction site is between the APRT*Jmutation site and hTaq polymorphic site. Since hTaq and the APRT*J mutation sites are in intron 2 and exon 5, respectively, it probably was an intragenic crossover or a gene conversion. Although intragenic germ line recombination rarely occurs, it can do so even within a short distance in the course ofmany generations.
